TSIS/CORSIM and WATSim are microscopic, integrated, simulation models.
(7) A 15-minute period (7:30-7:45 AM) was simulated after proper initialization.
CASE STUDY 1: LILIHA ON-RAMP NETWORK
This case examines the models' ability to simulate a congested on-ramp merge section and the effect of platooned ramp traffic ( Figure 1 ). Platooned flow on the ramp is caused by a signalized intersection at the beginning of the ramp.
1A. INTEGRATION
Two 15-minute time periods were used to simulate the 15-minute period traffic flow The initial simulation throughputs and error percentages are shown in Column 1, Table 1a . The result was obtained by treating the intersection as a single origin node. Compared with the actual volumes, the simulated throughput of the on-ramp link was much smaller than the actual volume.
The throughputs on the merge link and the downstream mainline link were also small due to the low on-ramp volume.
A unique feature of INTEGRATION is that the lane alignment and lane connectivity at any merge or diverge segment is computed endogenously. The results from the previous simulation suggested that an incorrect lane allocation was defined by the model. Thus, the use of a lane-striping file (which enables the user to describe lane connectivity) was required for ramp merge sections. Column 2, Table 1a , shows the simulation result using the lane-striping file in which all lanes were declared to be of through movement type (code 010). The simulated throughputs on the merge link and on-ramp link improved.
The signalized intersection was introduced in the next run. Unlike the uniform vehicle departures from the single origin node, the signal gives rise to platoons on the ramp. The results from this simulation run are shown in Column 3, Table 1a . The simulated throughputs improved further, thereby demonstrating the effect of platooning on merging and the value of integrated simulation.
1B. CORSIM
The network was divided into two parts; the surface street part simulated by NETSIM, and the freeway part simulated by FRESIM. Simulation results were obtained after initialization was completed and the network reached equilibrium. The FRESIM result obtained from default car-following and lane-changing parameters is shown in Column 1, Table 1b . The simulated volumes on mainline segments were considerably smaller than the actual volumes. 6 The FRESIM lane capacity is determined by an array of ten car-following parameters.
Given that car-following (headway) differs among drivers, FRESIM defines 10 driver types (each represented by one the 10 numbers in the array) and uses a decile distribution to represent headway variability. Payne (9) used the 1994 edition of FRESIM to find that the default carfollowing array [15 to 6] corresponds to a lane capacity of 2,350 vphpl, and the array [12 to 3] corresponds to 2,750 vphpl, for 3-lane freeway segments. A similar experiment was conducted with the latest TSIS/CORSIM (7). The freeway default capacity (2,400 vphpl) was similar to
Payne's result, but a higher capacity (3,100 vphpl) was achieved with the car-following array [12 to 3] . The simulated volumes were comparable to the actual volumes (Column 2, Table 1b) when a 3,100 vphpl capacity was used.
Numerous experiments using different lane-changing parameters were then made. The best result is listed in Column 3, Table 1b , which was obtained by using a lane change duration of 2.5 sec. instead of the 3.0 sec default. Ten independent replications with different random seeds were conducted as discussed later.
The intersection signal and the Liliha on-ramp platoon effect on the simulated result was also examined (Column 4, Table 1b ). All freeway parameters remained unchanged, but the intersection was treated as a single node (only the FRESIM network was modeled). The resultant throughputs from this run decreased, and the simulated speeds on both the mainline segments and the on-ramp were lower than those from the integrated network.
1C. WATSim
The Liliha on-ramp network was tested with and without the upstream signalization (Table 1c) . The simulated ramp volumes from the two runs (Column 1: signal absent; Column 2:
signal present) were almost the same as the actual ramp volume. The intersection signal and platoon simulation increased the throughputs on mainline links, but the simulated volumes were still much lower than the actual volumes.
Freeway capacity can be directly specified in WATSim; it can vary between 1,000 vphpl and 2,500 vphpl. Column 3, Table 1c, shows that increasing the lane capacity from 2,200 vphpl to 2,500 vphpl had no effect on the mainline throughputs. Default lane-changing parameters were also modified to examine their effect on the mainline throughputs, but no significant improvements were obtained. The WATSim model developer suggested that different acceleration lane lengths be tried to obtain the observed mainline throughputs. By changing the acceleration lane length from 65m to 115m and using the 2,300 vphpl capacity, the simulated mainline throughputs became close to the actual mainline volumes (Column 4, Table 1c ). Table 1d lists selected MOEs which can be directly compared among the three models.
1D. Comparison of MOEs
The MOEs were extracted from the best simulation runs. The three models produced similar outputs ( Figure 1 ): the speed and density gradually change and reach their respective minimum
and maximum values on the merge link. In WATSim, the speed gradually decreases and the density gradually increases beginning 300m (Link 5) upstream of the merge link. In CORSIM, However, results from the ten replications (CORSIM and WATSim only) for all case studies can be found in (10). 4. WATSim's ability to directly accept the user-specified freeway capacity is welcome.
1E. Lessons Learned
It was observed that mainline vehicles have difficulty passing through a merge segment with a short acceleration length, in which case the length of the acceleration lane must be elongated to obtain field observed throughputs.
CASE STUDY 2: PALI HWY. OFF-RAMP NETWORK
This network was used to examine the three models' ability to simulate a freeway divergence situation ( Figure 3 ). The Pali Hwy. off-ramp has enough capacity to accommodate the vehicles diverging from the freeway mainline with no spillback from this off-ramp observed in the morning peak period.
2A. INTEGRATION
INTEGRATION's manual (6) indicates that, for a freeway divergence segment such as Link 6 in this network, the lanes on the divergence link must be striped to permit the required straight through and diverging movements even though the model's internal logic would likely compute identical lane allocations. The result is shown in Column 1, Table 2a . The four macroscopic traffic flow parameters were the same as for Case Study 1.
The simulated volumes in Column 1, Table 2a , were very close to the actual volumes.
However, there were some problems with the animated displays and the MOE output file. On the animation screen, no lane-changing maneuvers were observed on the divergence segment (Link 6) and its upstream mainline links, and no vehicles actually took the right-most diverging lane onto the off-ramp. All diverging vehicles jumped to the off-ramp from the three throughmovement lanes, including the left-most lane. The simulated travel speeds increased rather than decreased when vehicles reached the divergence segment.
The next simulation experiment used a critical angle (α, in Figure 3 ) greater than 45 o .
Column 2, Table 2a , lists the corresponding throughputs. The animation screen showed that the vehicles destined to the off-ramp took the deceleration lane and many lane-changing maneuvers occurred on the mainline segments in order to switch to the off-ramp.
The simulated throughputs are considerably lower than the volumes observed on the mainline and off-ramp links. Increasing freeway capacity to 2,400 vphpl resulted in simulated volumes which are close to the actual volumes (Column 3, Table 2a ).
2B. CORSIM
Free-flow speeds of 105 km/h for freeway mainline segments and 65 km/h for the offramp, default car-following sensitivity factors, and default lane-changing parameters were employed in the initial simulation run. The simulated throughputs were much lower than the actual volumes (Column 1, Table 2b ). Throughputs with a capacity of 3,100 vphpl are listed in Column 2, Table 2b . They increased, but the error should be reduced further.
The CORSIM lane-changing parameters were modified to 2.5 sec. for lane changing duration (3.0 sec. default) and 1,350m for activating distance (750m default). The simulated throughputs (Column 3, Table 2b ) improved.
2C. WATSim
The capacity parameters used in the initial simulation run were 2,200 vphpl for freeway links and 1,900 vphpl for the off-ramp link. The result of the initial simulation run is shown in Column 1, Table 2c . All simulated throughputs were much lower than the actual volumes.
Increasing only the freeway capacity did not improve the simulated results; Column 2, Table 2c , lists the result using a 2,500 vphpl capacity. Of the various lane-changing parameters,
only the distance to activate lane-changing maneuvers has a significant effect on the simulation result. The default distance in the WATSim manual is 135m, but output displays 45m. Both values are too short for freeway diverge simulation. Column 3, Table 2c , shows the result obtained by using a 300m activating distance and freeway capacity of 2,300 vphpl, the best combination of capacity and distance from numerous simulation experiments. Table 2d lists selected MOEs obtained from the best simulation runs of the three models.
2D. Comparison of MOEs
The models produced comparable MOEs on almost all the links. Figure 3 illustrates the gradually changing trends of travel speeds and densities along the freeway mainline. These trends conform to the actual traffic flow situation.
The effect of the distance parameter on MOEs is also reflected in Table 2d . 2. The distance to activate the mandatory lane changes has a significant effect on the freeway off-ramp diverge simulation. The default distances in both CORSIM and WATSim are too short for the tested network.
3. The models eventually produced throughputs comparable to real volumes, and their
MOEs were also comparable. The animation mechanisms, however, are different. In INTEGRATION, some diverging vehicles may come to a complete stop for several seconds at the divergence position if they cannot find an acceptable headway gap to switch to the off-ramp. Table 3a . All simulated throughputs on the freeway mainline and ramp links were greatly improved and became close to the actual volumes.
3B. CORSIM
The four-phase, pretimed signalization can easily be simulated by CORSIM, and no lane alignment problem between upstream and downstream links arose. However, as NETSIM cannot simulate the U-turn vehicles which discharge during the same signal phase as the left-turn vehicles, U-turning was modeled as left-turning. For the weaving restriction, a lane barrier can be defined in FRESIM which prevents lane-changing maneuvers between affected lanes in a pair.
This restriction affects both lanes separated by the barrier; but on the subject weaving section, vehicles are allowed to cross the barrier from the right lane to the left.
Column 1, Table 3b , lists the results of the initial CORSIM simulation in which the default FRESIM car-following sensitivity factors and no barrier were used. The simulated throughputs on freeway weaving and ramp segments were considerably lower than the actual volumes.
The car-following parameters for the freeway flow were then modified (array [13 to 4]) for 2,900 vphpl capacity. The simulated volumes on all freeway links increased (Column 2, Table 3b ). The on-ramp volume was still low, but a higher-than-actual number of vehicles used the off-ramp. Since the lane restriction was not modeled, some on-ramp vehicles could not complete lane-changing to switch into the mainline and went to the off-ramp. Further increasing the freeway capacity did not improve the results.
Although the FRESIM lane barrier is not identical to the actual lane restriction line on the weaving section, its effect on the simulation result was examined (Column 3, Table 3b ).
Compared with Column 2, the volumes on the weaving section (Link 6 and 7) increased due to the increase of the on-ramp volume. However, the off-ramp volume decreased and a higher-than- 
3C. WATSim
WATSim also cannot simulate the U-turn movement at the Punchbowl/Vineyard intersection and the lane restriction on the freeway weaving section, hence, the U-turn movement was modified to a left-turn movement. The initial WATSim simulation used a 2,200 vphpl freeway capacity, default lane-changing parameters, user-defined freeway weaving interchanges, and no specification for the lane restriction barrier (Column 1, Table 3c ). The simulated throughputs on the on-ramp and the two weaving links were about 300 vph below the actual volumes.
The distance over which drivers decide to perform the lane-changing maneuver is an important parameter. A distance of 135m was explicitly defined and all other parameters remained unchanged (Column 2, Table 3c ). The simulated throughputs on weaving links, on- Table 3c ). Tables 3d and 3e 3. There are no explicit ways in all the three models to simulate the lane restriction barrier on the subject freeway weaving section.
3D. Comparison of MOEs

CONCLUSIONS
INTEGRATION, TSIS/CORSIM, and WATSim were applied to three heavily loaded traffic networks for which exact volumes and speeds (on specific lanes and locations) were known. The models produced reasonable and comparable simulated results on most of the tested network links. The experiments also revealed that the main limitation of these models is the large number of parameters that need to be modified in order to replicate the real traffic conditions. In no case did the default parameters offer satisfactory results. Parameter calibration can be tedious and time consuming. It also may raise concerns regarding the validity of "what if" and future scenario analyses that involve major changes to network characteristics.
Specific strengths and weaknesses of the three software examined are as follows.
• The only model which can simulate the U-turn movement among these models.
• The optional lane-striping file enhances flexibility in simulating a variety of traffic operations.
• It has a limited ability to simulate signalized intersections.
• The lane-changing mechanism may not reflect (Honolulu) driver behavior and is not useradjustable.
TSIS/CORSIM
• It has the most realistic lane-changing maneuvers.
• Oddly, freeway capacities as high as 2,800-3,000 vphpl were used to duplicate the real traffic conditions.
• As in NCHRP 385 (12), we conclude that the percentile input for off-ramps is inconvenient and causes difficulty in replicating field conditions.
• Payne et. al's (9) useful paper on FRESIM capacity settings must be updated because it does not apply to the released TSIS/CORSIM.
WATSim
• It required the least modification to default parameters to achieve good results.
• Its animation is relatively inferior.
• The globally (both the surface street and freeway) applied NETSIM car-following and lanechanging parameters is an undesirable feature that is likely to compromise accuracy. 
